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Y3 Fe5 O12 (YIG) has attracted growing interest since a large Longitudinal Spin Seebeck Effect (LSSE) was discovered in this material. However, the origin of the
LSSE and its temperature dependence are not well understood. We report here, the
temperature dependence of the effective magnetic anisotropy field (HK ) and LSSE
voltage (VLSSE ) of single crystal YIG, measured using the radio-frequency transverse susceptibility (TS) and LSSE techniques, respectively. VLSSE is found to vary
from 40 nV to 97 nV from 100 to 300 K, which is consistent with the previously
reported experimental results. Interestingly, we find the temperature dependence
of HK resembles that of VLSSE in the high temperature regime (100 – 300 K),
with the sudden changes in both VLSSE and HK at ∼175 K. Our results indicate
the possible role of magnetic anisotropy in the LSSE in YIG and provide important insights into improving LSSE in magnetic materials through manipulating their
magnetic anisotropy. © 2017 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4973948]

I. INTRODUCTION

The discovery of spin-Seebeck effect (SSE) has generated a lot of interest in recent years since it
enables a generation of spin current from heat.1 SSE describes the generation of pure spin current in a
material when a magnetic field is applied perpendicular to heat gradient.1,2 SSE has been reported in a
wide range of materials, including ferromagnetic metals, semiconductors, insulators and nonmagnetic
materials.1–5 However, the underlying origin of the SSE, especially its temperature evolution, has
remained elusive.6–10 For instance, Siegal et al. observed a decrease in longitudinal SSE (LSSE)
voltage with decreasing temperature in Bi-YIG thin films, with a sudden change of LSSE voltage
(VLSSE ) slope below 200 K.11 While the origin of the sudden change in VLSSE below 200 K was
unclear,11 this may be associated with spin reorientation due to single ion anisotropy of Fe2+ ions
that was also reported to occur below 200 K in single crystal YIG.12 It has recently been reported
that when the thickness of the YIG exceeds the magnetic domain size (approx. 5µm for YIG), the
magnetic field dependent VLSSE shows an anomaly in low field regime.13 This low field feature has
been attributed to the intrinsic magnetism of the YIG surface.13 The easy axis perpendicular magnetic
anisotropy has also been shown to possess a significant effect on the magnetic field dependence of
VLSSE at room temperature regime.13 These experimental observations and thickness dependent shift
in maximum of VLSSE indicate the possible role of magnetic anisotropy in the LSSE in YIG.
To shed light on this, we have simultaneously studied the temperature dependence of effective
magnetic anisotropy field (HK ) and VLSSE in single crystal YIG, using the radio-frequency transverse
susceptibility (TS) and LSSE techniques, respectively on the same sample. We show that with lowering
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FIG. 1. a) A schematic illustration of the longitudinal Spin Seebeck effect (LSSE) measurement set-up b) picture of the
experimental set-up developed to measure LSSE.

temperature there is a sudden decrease in VLSSE at ∼175 K, which corresponds to the sudden increase
in HK at this temperature. The temperature dependence of HK also resembles that of VLSSE in the
investigated temperature region (100 – 300 K). Our study emphasizes the important role of magnetic
anisotropy in the LSSE in YIG and shows the possibility of improving LSSE in magnetic materials
through manipulating magnetic anisotropy.
II. EXPERIMENT

The electric voltage induced by SSE in our YIG/Pt structure was recorded by the LSSE measurement set-up. Schematic of the set-up is illustrated in Figure 1a. A temperature gradient of 2 K was
applied across a single crystal YIG slab (111) of 6×2×1 mm3 dimension with 15 nm thick Pt film
of 6×1 mm2. A magnetic field was applied perpendicular to the temperature gradient and VLSSE was
recorded perpendicular to magnetic field and temperature gradient. For LSSE measurements YIG/Pt
was sandwiched between two copper plates. A Peltier module was attached to the bottom plate and
top plate temperature was controlled through molybdenum screws attached to the cryogenic system.
Temperature gradient of approximately 2 K was achieved by applying 3 A current to the Peltier
module. K-type thermocouples were used to monitor the temperature of top and bottom plates. The
picture of the experimental set-up is shown in Figure 1b. After stepping the system temperature and
Peltier module current, measurements were performed after 2 h of stabilization time. The SSE voltage
was recorded as the magnetic field was swept between positive and negative saturation of YIG, using
a Keithley 2182 nanovoltmeter.
Transverse susceptibility measurements were performed using a self-resonant tunnel diode oscillator with a resonant frequency of 12 MHz and sensitivity on the order of 10 Hz.14 The tunnel diode
oscillator is integrated with an insert that plugs into a commercial Physical Properties Measurement
System (PPMS, Quantum Design), which serves to apply dc magnetic fields (up to ±7 T) as well as
provide the measurement temperature range (10 K < T < 300 K).
III. RESULTS AND DISCUSSION

We first present the results on the magnetic field and temperature dependence of LSSE voltage
(VLSSE ) in the single crystal YIG. Figures 2a,b shows the magnetic field dependence of VLSSE for two
representative measurement temperatures of 300 and 150 K, respectively. As one can see clearly in
Figure 2a, at 300 K, VLSSE remains almost unchanged at low fields till a critical field of 0.3 kOe above
which it increases rapidly and reaches saturation at 0.7 kOe. This low magnetic field anomaly in VLSSE
was also reported in previous work 13 and has been attributed to the surface magnetization processes
of YIG induced by the easy-axis perpendicular magnetic anisotropy. The similar field dependence
of VLSSE is observed at 150 K, with decrease in the magnitude of VLSSE . It is worth mentioning that
while the magnitude of VLSSE decreases with decreasing temperature, the critical field for the VLSSE
increase remains almost unchanged. The VLSSE at 300 K is determined to be ∼96 nV, which drops to
47 nV at 150 K. The obtained values of VLSSE are in the expected range reported in literature.11,13,15
The temperature dependence of VLSSE for the YIG slab with a temperature gradient of 2 K is
shown in Figure 2c. It can be observed that VLSSE decreases in magnitude with lowering temperature
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FIG. 2. Magnetic field (H) dependence of saturated longitudinal spin Seebeck voltage (VLSSE ) in the YIG/Pt sample with
∆t = 2 K measured at a) 300 K and b) 150 K, respectively; (c) Temperature dependence of VLSSE .

in the investigated temperature range (100 – 300 K). Noticeably, a sudden drop in VLSSE is seen
just below 175 K. A similar variation in VLSSE was also reported for the Bi-YIG thin film, although
its origin was not explained.11 As an important note, Mossbauer study on single crystal YIG has
indicated a spin reorientation transition below 175 K, due to single ion anisotropy of Fe2+ ions.12
This suggests that the noted change in VLSSE at ∼175 K, as observed by us in this study and also

FIG. 3. Bipolar transverse susceptibility (TS) scan taken at a) 200 K and b) 150 K for single crystal YIG in the out-of-plane
configuration; c) Temperature dependence of Hk and saturated LSSE voltage (VLSSE ) measured with ∆t = 2 K.
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reported in the literature,11 may be associated with change in magnetic anisotropy that occurs at the
same temperature.12
To elucidate this, the temperature dependence of effective magnetic anisotropy field (HK ) in
YIG has been studied by our radio-frequency (RF) transverse susceptibility (TS) technique.14 TS
has been proved as a direct, accurate probe of effective magnetic anisotropy field and its temperature
dependence in a wide range of magnetic materials.16–19 In this method, the sample was placed inside
an inductive coil which is part of a self-resonant tunnel diode oscillator circuit. At a particular
temperature static magnetic field is applied perpendicular to the crystal while a small RF perturbation
of ∼10 Oe applied parallel to the crystal. The details of the TS measurement set-up can be found
in Ref. 14. Theoretically, the transverse susceptibility (TS) spectrum in a unipolar field scan from
positive to negative saturation should consist of three singularities of which two occur at the anisotropy
fields (±H K ) and one at the switching field (±H S ).20,21
Figures 3a,b shows the out-of-plane bipolar TS scan of the YIG at two representative temperatures
of 200 and 150 K, respectively. It can be observed in this figure that as the magnetic field is swept
from positive to negative saturation, TS scans showed two peaks corresponding to ± HK . In YIG (out
of plane direction) switching and anisotropy field are close to each other so that the observed peak
appeared to merge together, on increasing the magnetic field from zero. The temperature dependence
of HK is plotted in Figure 3c. HK shows an increase as the temperature is lowered from 300 K, which
is expected for typical ferromagnets. It is worth noting here that there is a sharp increase in HK at
∼175 K which corresponds to the sudden decrease in VLSSE , as clearly seen in the compiled plot
of Figure 3c. The temperature dependence of HK also resembles that of VLSSE in the investigated
temperature range of 100 – 300 K. The increase in HK corresponds to the decrease in VLSSE , indicating
a negative effect of the magnetic anisotropy on the VLSSE . To our knowledge, this is the first direct
correlation between experimentally measured SSE and magnetic anisotropy field validated through
two different methods on the same YIG sample. These results further validate the recent experimental
and theoretical predictions that emphasize the role of magnetic anisotropy in SSE systems.16,22 We
recall that the temperature dependence of the Mössbauer studies on single crystal YIG showed a spin
reorientation below 200 K due to single ion anisotropy of Fe+2 ions.12 This may suggest that the
sudden decrease in VLSSE below 175 K could be related to the intrinsic spin reorientation in YIG
which affected the thermal spin pumping in the FM/metal interface.
IV. CONCLUSIONS

In summary, we have studied the temperature dependence of magnetic anisotropy and LSSE in
YIG slabs. We find that both the temperature dependence of HK and VLSSE show a sudden change in
magnitude at ∼175 K. The temperature dependence of HK resembles that of VLSSE in the investigated
temperature region (100 – 300 K), demonstrating the important role of magnetic anisotropy in the
LSSE in YIG. These observations provide deeper insights into the origin of the LSSE in YIG and open
the possibility of designing magnetic materials with tunable anisotropy and improved spin-caloric
properties.
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